Hadronic B decays containing an even-parity charmed meson in the final state are studied. Specifically we focus on the Cabibbo-allowed decays B → D * * π(ρ), D * * D ( * ) s ,D * * s D ( * ) and B s → D * * s π(ρ), where D * * denotes generically a p-wave charmed meson. The B → D * * transition form factors are studied in the improved version of the Isgur-Scora-Grinstein-Wise quark model. We apply heavy quark effective theory and chiral symmetry to study the strong decays of p-wave charmed mesons and determine the magnitude of the D mixing angle is found to be positive in order to avoid a severe suppression on the production of D 1 (2427) 0 π − . The interference between color-allowed and color-suppressed tree amplitudes is expected to be destructive in the decay B − → D 1 (2427) 0 π − . Hence, an observation of the ratio D 1 (2427) 0 π − /D 1 (2427) + π − can be used to test the relative signs of various form factors as implied by heavy quark symmetry. Although the predicted B − → D 1 (2420) 0 ρ − at the level of 3 × 10 −3 exceeds the present upper limit, it leads to the ratio D 1 (2420)ρ − /D 1 (2420)π − ≈ 2.6 as expected from the factorization approach and from the ratio f ρ /f π ≈ 1.6 . Therefore, it is crucial to have a measurement of this mode to test the factorization hypothesis. 
I. INTRODUCTION
The interest in even-parity charmed mesons is revived by a recent discovery of a new narrow resonance by BaBar [1] . This state which can be identified with J P = 0 + is lighter than most theoretical predictions for a 0 + cs state [2] . Moreover, a renewed lattice calculation [3] yields a larger mass than what is observed. This unexpected and surprising disparity between theory and experiment has sparked a flurry of many theory papers. For example, it has been advocated that this new state is a four-quark bound state [4, 5] , * or a DK molecular [9] or even a Dπ atom [10] . On the contrary, it has been put forward that, based on heavy quark effective theory and chiral perturbation theory, the newly observed D s (2317) is the 0 + cs state and that there is a 1 + chiral partner with the same mass splitting with respect to the 1 − state as that between the 0 + and 0 − states [11, 12] . The existence of a new narrow resonance with a mass near 2.46 GeV which can be identified with 1 + state was first hinted by BaBar and has been observed and established by CLEO [13] and Belle [14] .
Although the D * s0 (2317) and D s1 (2463) states were discovered in charm fragmentation of e + e − → cc, it will be much more difficult to measure the counterpart of D * s0 (2317) and D s1 (2463) in the non-strange charm sector, namely D * 0 and D 1 , owing to their large widths. Indeed, the broad D * 0 and D 1 resonances were explored by Belle [14] in charged B to D + π − π − and D * + π − π − decays (see Table I ). The study of even-parity charmed meson production in B decays, which is the main object of this paper, also provides an opportunity to test heavy quark effective theory.
This work is organized as follows. The masses and widths of p-wave charmed mesons are summarized in Sec. II. In order to determine the mixing angle of the axial-vector charmed mesons, we apply heavy quark effective theory and chiral symmetry to study their strong decays. The decay constants of p-wave charmed mesons and B → D * * form factors are * The low-lying non-charm scalar mesons in the conventional′ states are predicted by the quark potential model to lie in between 1 and 2 GeV, corresponding to the nonet states f 0 (1370), a 0 (1450), K * 0 (1430) and f 0 (1500)/f 0 (1710). The light scalar nonet formed by σ(600), κ(800), f 0 (980) and a 0 (980) can be identified primarily as four-quark states [6] . It has been argued [7] that a strong attraction between (qq) 3 * and (qq) 3 [6, 8] , where 3 * and 3 here refer to color, and the absence of the orbital angular momentum barrier in the s-wave 4-quark state, may explain why the scalar nonet formed by four-quark bound states is lighter than the conventionalnonet. By the same token, it is likely that a scalar cnns 4-quark state, where n = u, d, will be lighter than the 0 + p-wave cs state, where a typical potential model prediction gives 2487 MeV [2] . It has been suggested in [4] to search for exotic 4-quark ccharmed meson production in B decays. Particularly noteworthy are resonances in the doubly charged D + s π + (D + K + ), and wrong pairing D + K − channels. However, contrary to the case of scalar resonances, the 1 + D s (2463) state is unlikely a four-quark state as it is heavier than the axial-vector meson formed by cs. A non-observation of a heavier and broad 0 + cs state will not support the four-quark interpretation of D s (2317). studied in Sec. III within the Isgur-Scora-Grinstein-Wise quark model. The production of p-wave charmed mesons in B decays is studied in detail in Sec. IV. Conclusions are presented in Sec. V.
TABLE I. The masses and decay widths of even-parity charmed mesons. We follow the naming scheme of Particle Data Group [15] to add a superscript "*" to the states if the spin-parity is in the "normal" sense, J P = 0 + , 1 − , 2 + , · · ·. The four p-wave charmed meson states are thus denoted by D * 0 , D 1 , D ′ 1 and D * 2 . In the heavy quark limit, D 1 has j = 1/2 and D ′ 1 has j = 3/2 with j being the total angular momentum of the light degrees of freedom.
State
Mass ( [15]
II. MASS SPECTRUM AND DECAY WIDTH
In the quark model, the even-parity mesons are conventionally classified according to the quantum numbers J, L, S: the scalar and tensor mesons correspond to 2S+1 L J = 3 P 0 and 3 P 2 , respectively, and there exit two different axial-vector meson states, namely, 1 P 1 and 3 P 1 which can undergo mixing if the two constituent quarks do not have the same masses. For heavy mesons, the heavy quark spin S Q decouples from the other degrees of freedom in the heavy quark limit, so that S Q and the total angular momentum of the light quark j are separately good quantum numbers. The total angular momentum J of the meson is given by J = j + S Q with S = s + S Q being the total spin angular momentum. Consequently, it is more natural to use L to classify the first excited heavy meson states where L here is the orbital angular momentum of the light quark. It is obvious that the first and last of these states are 3 P 2 and 3 P 0 , while [16] 
In the heavy quark limit, the physical eigenstates with J P = 1 + are P Table I ) is substantially higher than the current world average of 23 ± 5 MeV [15] .
In the heavy quark limit, the states within the chiral doublets (0 + , 1 + ) with j = 1/2 and (1 ′+ , 2 + ) with j = 3/2 are degenerate. After spontaneous chiral symmetry breaking, 0 + states acquire masses while 0 − states become massless Goldstone bosons. As shown in [11] , the fine splitting between 0 + and 0 − is proportional to the constituent quark mass. The hyperfine mass splittings of the four p-wave charmed meson states arise from spin-orbit interactions and tensor-force interaction [see Eq. (2.21) below], while the spin-spin interaction is solely responsible for the hyperfine splitting within the multiplet (0 − , 1 − ). From Table I and the given masses of pseudoscalar and vector charmed mesons in the PDG [15] , it is found empirically that the hyperfine splitting within the chiral multiplets (0
are independent of the flavor of the light quark:
However, the fine splittings
depend on the light quark flavor. ‡ Since the fine splitting between 0 + and 0 − or 1 + and 1 − should be heavy-flavor independent in heavy quark limit, the experimental result (2.3) † If the even-parity mesons are the bound states of four quarks, they are in an orbital s-wave. In this case, one uses J P = 0 + rather 3 P 0 to denote scalar mesons, for example. ‡ Likewise, considering the spin-averaged masses of the doublets (0 + , 1 + ) and (1 ′+ , 2 + )
the hyperfine mass splittings 5) implies that the fine splitting is light quark mass dependent. Indeed, if the first line rather than the second line of Eq. (2.3) is employed as an input for the fine splittings of non-strange charmed mesons one will predict [11] respectively,
Likewise for strange axial-vector charmed mesons
is much broader than D mixing angle from the measured widths. In contrast, the present upper limits on the widths of D s1 (2463) and D ′ s1 (2536) do not allow us to get any constraints on the mixing angle θ s . Hence, we will turn to the quark potential model to extract θ s as will be shown below.
It is suitable and convenient to study the strong decays of heavy mesons within the framework of heavy quark effective theory in which heavy quark symmetry and chiral symmetry are combined [20] . It is straightforward to generalize the formalism to heavy mesons in p-wave excited states [21] . The decay D * 0 undergoes a s-wave hadronic decay to Dπ, while D can decay into D * by s-wave and d-wave pion emissions but only the former is allowed in the heavy quark limit m c → ∞:
9)
also depend on the light quark flavor. Based on a quark-meson model, the spin-weighted masses m 01 (D) = 2165 ± 50 MeV [18] and m 01 (D s ) = 2411 ± 25 MeV [19] were predicted, while experimentally they are very similar (see Table I ).
where p c is the c.m. momentum of the final-state particles in the B rest frame. The tensor 12) with h being another heavy-flavor independent coupling constant in the effective Lagrangian [21] . It can be extracted from the measured width of D * 0 (2308) (see Table I ) to be h = 0.65 ± 0.12 . Substituting the couplings h and h ′ into Eqs. (2.9) and (2.10) leads to 
and the averaged width 20.9 ± 2.1 MeV for D
We shall see in Sec. IV that a positive mixing angle is preferred by a study of
The scalar resonance D * s0 (2317) is below the threshold of DK and its only allowed strong decay D * s0 (2317) → D s π 0 is isospin violating. Therefore, it is extremely narrow with a width of order 10 keV [4, 11, 22] . As for D s1 (2463), it is below D * K threshold and its decay to DK is forbidden by parity and angular momentum conservation. Hence, the allowed strong decays are D * with nn ≡ (uū + dd)/ √ 2. The σ −f 0 mixing angle can be inferred from various processes, see [23] for a summary. In general, the mixing angle is small so that f 0 (980) has a large ss component while σ is primarily nn. The f 0 production is favored by the weak decay of D s1 into D s , but its contribution to ππ is suppressed by the large off-shellness of f 0 (980), recalling that the mass difference between D s1 (2463) and D s is only 494 MeV. In contrast, σ(600) is favored by phase space consideration and yet its contribution is suppressed by the small σ − f 0 mixing angle. As a net result, although the strong decay into D s ππ is isospin conserving, its OZI suppression is more severe than the isospin one for D * s π 0 . This is confirmed by the recent measurement of CLEO [13] 
mixing angle was just reported to be θ = 0.10 ± 0.03 ± 0.02 ± 0.02 radians = (5.7 ± 2.4) • by Belle through a detailed B → D * ππ analysis [14] . This is consistent with the result of Eq. (2.17).
As for the electromagnetic decays of D s1 (2463), CLEO and Belle found
CLEO [13] , 0.21 ± 0.07 ± 0.03 Belle [14] .
(2.20)
Hence, just as its 0 + partner D * s0 (2317), D s1 (2463) is also extremely narrow. A theoretical estimation yields 38.2 keV for its width [11] .
Eq. (2.14) leads to Γ(D * s2 ) = 12.6 MeV, in agreement with experiment (see Table I ). Since Γ(D 
with s 1 and s 2 refer to the spin of the light and heavy quarks, respectively, and
where V (r) is the zero-component of a vector potential, S(r) is a scalar potential responsible for confinement, and S 12 is the tensor force operator
Note that the assumption of a Coulomb-like potential for V (r) has been made in deriving Eq. (2.21) [24] . Under this hypothesis, the mass splitting is governed by the two parameters λ and τ . Following Cahn and Jackson [24] , the masses of the J = 2 and J = 0 states read 24) while the masses of the two J = 1 states obtained by diagonalizing the matrix in the |J, j, m = |1, 3/2, m and |1, 1/2, m bases are (up to a common mass c)
It is clear that the mixing vanishes in the heavy quark limit m c → ∞. However, 1/m c corrections will allow charm quark spin to flip and mix D 
From Eqs. (2.8) and (2.25) we arrive at
The parameters λ and τ are obtained by a global fit to the charm spectroscopy. For D * * s mesons, it is found
As pointed out in [24] , a positive spin-orbit energy λ implies a less important scalar potential S. On the contrary, the existing potential model calculation such as the one by Di Pierro and Eichten [2] yields λ < 0 [24] or a very strong confining potential S. This will cause a reversed splitting, namely the j = 1/2 states lying above the j = 3/2 states. However, we will not address this issue here. For D * * mesons, the parameters λ and τ fall into some large regions because of large uncertainties associated with the measured masses of D * 0 and D 1 . Hence, the magnitude and even the sign of the D
mixing angle θ at present cannot be fixed within this approach. Instead, we have used heavy quark effective theory together with the measured widths to extract |θ|. As will be seen below, the sign of θ can be inferred from a study of the p-wave charmed meson production in B decays.
III. DECAY CONSTANTS AND FORM FACTORS A. Decay constants
The decay constants of scalar and pseudoscalar mesons are defined by
It is known that the decay constants of non-charm light scalar mesons are smaller than that of pseudoscalar mesons as they vanish in the SU(3) limit. For the neutral scalars σ(600), f 0 (980) and a 0 0 (980), the decay constant must be zero owing to charge conjugation invariance or conservation of vector current:
Applying the equation of motion, it is easily seen that the decay constant of K * + 0 (a + 0 ) is proportional to the mass difference between the constituent s (d) and u quarks. Consequently, the decay constant of the charged a 0 (980) is very small, while the one for K * 0 (1430) is less suppressed. A calculation based on the finite-energy sum rules [25] yields
Contrary to the non-charm scalar resonances, the decay constant of the scalar charmed meson is not expected to be suppressed because of charm and light quark mass imbalance. Applying the equation of motion again leads to
For a crude estimate, we assume D * 0 |cu|0 ≈ K * 0 |su|0 and obtain
This is comparable to f D ≈ 200 MeV, the decay constant of the pseudoscalar D meson. The decay constants of the axial-vector charmed mesons are defined by
It has been shown that in the heavy quark limit [26] [27] [28] 
Since the decay constant of D * 2 vanishes irrespective of heavy quark symmetry (see below), the charmed mesons within the multiplet (0 + , 1 + ) or (1 ′+ , 2 + ) thus have the same decay constant. This is opposite to the case of light p-wave mesons where the decay constant of 1 P 1 meson vanishes in the SU(3) limit [29] based on the argument that for non-charm axial vector mesons, the 3 P 1 and 1 P 1 states transfer under charge conjunction as
where the axial-vector mesons are represented by a 3 × 3 matrix. Since the weak axial-vector current transfers as (
under charge conjugation, it is clear that the decay constant of the 1 P 1 meson vanishes in the SU(3) limit [29] . The polarization tensor ε µν of a tensor meson satisfies the relations
Therefore,
The above relation in general follows from Lorentz covariance and parity consideration. Hence the decay constant of the tensor meson vanishes; that is, the tensor meson D * 2 cannot be produced from the V − A current.
Beyond the heavy quark limit, the relations (3.7) receive large 1/m c corrections which have been estimated in [28] using the relativistic quark model. In the present paper we shall use f ρ = 216 MeV and (in units of MeV)
Note that the measurements of B → D
s D ( * ) [15, 30] indicate that the decay constants of D * s and D s are similar.
B. Form factors
Form factors for B → M transitions with M being a parity-odd meson are given by [31] 12) where q = p B − p, F 1 (0) = F 0 (0), A 3 (0) = A 0 (0), and
For B → P and B → V form factors, we will use the Melikhov-Stech (MS) model [32] based on the constituent quark picture. Other form factor models give similar results. The general expressions for B → D * * transitions (D * * being a p-wave charmed meson) are given by [33] 
In order to know the sign of various form factors appearing in Eq. (3.14), it is instructive to check the heavy quark limit behavior of B → D * * transitions which has the form [16]
where ω ≡ v · v ′ and there are two independent functions τ 1/2 (ω) and τ 3/2 (ω) first introduced in [16] . It is easily seen that the matrix elements of weak currents vanish at the zero recoil point ω = 1 owing to the orthogonality of the wave functions of B and D * * . The universal functions τ 1/2 (ω) and τ 3/2 (ω) are conventionally parametrized as In the present paper, we shall use the improved version, the so-called ISGW2 model [34] , of the non-relativistic quark model by Isgur-Scora-Grinstein-Wise (ISGW) [33] The reason is that the form-factor q 2 dependence in the ISGW model is proportional to exp[−(q 2 m − q
2 )] and hence the form factor decreases exponentially as a function of (q 2 m − q 2 ). This has been improved in the ISGW2 model in which the form factor has a more realistic behavior at large (q 2 m − q 2 ) which is expressed in terms of a certain polynomial term. In addition to the form-factor momentum dependence, the ISGW2 model incorporates a number of improvements, such as the constraints imposed by heavy quark symmetry, hyperfine distortions of wave functions, etc.,· · · [34] . The results of the ISGW2 model predictions for various form factors are shown in Tables II-IV In realistic calculations of decay amplitudes it is convenient to employ the dimensionless form factors defined by [31] 
with
and V , where D * * denotes generically a p-wave charmed meson. We will study these decays within the framework of generalized factorization in which the hadronic decay amplitude is expressed in terms of factorizable contributions multiplied by the universal (i.e. process independent) effective parameters a i that are renormalization scale and scheme independent. Since the aforementioned B decays either proceed through only via tree diagrams or are tree dominated, we will thus neglect the small penguin contributions and write the weak Hamiltonian in the form Apart from a common factor of
Note that except B − → D * 0 2 π − all other modes receive contributions from color-suppressed internal W -emission. The decay rates are given by 
The expression for B → D 1 ρ is more complicated. In the absence of the D
mixing, one has
In the presence of the D
mixing, it is more convenient to express the decay amplitude as
where ǫ 0123 = +1 in our convention, the coefficient S 3 corresponds to the p-wave amplitude, and S 1 , S 2 to the mixture of s-and d-wave amplitudes:
) sin θ ,
Then the helicity amplitudes H 0 , H + and H − can be constructed as
For B − → D 1 (2427) 0 ρ − , the amplitudes S 1,2,3 are the same as Eq. (4.7) except for the replacement of cos θ → sin θ and sin θ → − cos θ. The decay rates read (up to the common factor of G
with a = 8m
(4.10)
B. Results and discussions
Given the decay constants and form factors discussed in Sec. III, we are ready to study the B decays into p-wave charmed mesons. The predicted branching ratios are shown in Tables VII and VIII. The experimental results are taken from PDG [15] and Belle [14] . For B − → D * 0 2 π − we combine the Belle measurements [14] 11) to arrive at Table VII .
From Table VII we see that except D 1 (2427) 0 π − the predictions of B(B − → D * * π − ) agree with experiment. It is worth mentioning that the ratio .5)]. Consequently, the contribution from internal W -emission will account for the aforementioned discrepancy between theory and experiment. Moreover, the ratio
0 π − is predicted to be 0.34 instead of unity because of the absence of the colorsuppressed tree contribution to the former.
At a first glance, it appears that the prediction
already exceeds the experimental limit 1.4×10 −3 [15] . However, it should be noticed that the D ′ 1 0 ρ − rate is about three times larger than that of D ′ 1 0 π − as expected from the factorization approach and from the ratio f ρ /f π ≈ 1.6 (see Table IX 
2 )] = (2.73 ± 0.78 ± 0.48 ± 0.68)%. Because the scalar resonances D * 0 and D 1 have widths of order 300 MeV, we have checked the finite width effects on their production in B decays and found that the conventional narrow width approximation is accurate enough to describe the production of broad resonances owing to the large energy released in hadronic two-body decays of B mesons.
C. Comparison with other works
The decays B → D * * (π, D s ) and B → D * * s D have been studied previously by Katoch and Verma (KV) [35] . López Castro and Muñoz (CM) [36] , Kim, Lee and Oh (KLO) [37] also have a similar study with focus on the tensor charmed meson production. We shall comment their works separately.
In the paper of KLO, the B → D factorization approach and from the ratio f ρ /f π ≈ 1.6 . Therefore, it is crucial to have a measurement of this mode to test the factorization hypothesis.
• The predicted rate for B − → D 1 (2427) 0 π − is too small by a factor of 2 owing to a destructive interference between color-allowed and color-suppressed tree amplitudes as the relevant form factors for B → D • Under the factorization hypothesis, the production of D * s2 D ( * ) in B decays is prohibited as the tensor meson cannot be produced from the V − A current. Nevertheless, the decays B → D * s2 D ( * ) can be induced via final-state interactions and/or the nonfactorizable contributions. Since the latter is suppressed by the order of c 2 /N c , an observation of B → D * s2 D ( * ) could imply the importance of final-state rescattering effects.
• 
